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Abstract 
The article describes a sequential process of micro cutting, laser structuring and laser finishing processes for machining dies and moulds metal 
forming, plastic moulding and other replication technologies exemplified at microfluidic systems. Structure size, geometry, dimensions and the 
arrangement of the micro structures affect the process chain concerning order of laser and cutting processes with fundamental influence on 
producibility and overall machining time under consideration of reachable material removal rates. Further on the different machining processes 
allow to generate different surface profiles and different roughness properties. Especially laser ablation and laser polishing of surface details 
enable modifications of functional properties in the fluidic system, which can be multiplied by forming process. 
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1. Introduction 
On the one hand the demands in terms of functionality and 
functional density of micro-components are continuously 
increasing, e.g. in micro fluidic systems, requiring continuous 
miniaturization of individual components and of overall 
systems. On the other hand the objective is to realize adequate 
functionalization of the surface already during manufacturing. 
In this context the individual removal mechanisms of the 
applied manufacturing processes can be specifically used in 
order to generate corresponding surfaces and surface profiles. 
Applying this method can generate, for example, optical, 
tactile or functional surfaces and structures. These surfaces 
and structures can be directly used in manufacturing of 
components and prototypes. Due to the relatively complex 
and expensive structuring of components and surfaces, this 
type of processing is very suitable to be used in the field of 
tool and die making. By replicating these structures, a higher 
number of pieces can be manufactured. Cost-efficient and 
effective processes with a high quality of representation are 
micro hot embossing and plastics micro-injection molding, 
which enable introducing the required micro structures and 
surfaces into various materials such as plastics, glass and 
metal at a high number of pieces.   
2. Motivation 
Fast and cost-efficient diagnostics of clinical values allows 
a better and more effective treatment of medical conditions, 
above all in the field of home care. In this context lab-on-a-
chip systems offer an interesting approach compared to 
complex and cost-intensive diagnostic systems or laboratory 
diagnostics. In addition to the actual analysis, micro fluidics 
plays a decisive role in such systems. Replication of these 
fluidic systems and generating defined micro structures has 
high demands on the utilized manufacturing processes. Hot 
embossing enables fast and cost-efficient replication of micro 
fluidic structures and systems with the requested structural 
sizes and accuracies. In hot embossing processes, a master 
structure on a die surface is pressed into a substrate at a 
defined temperature, forming a negative relief replica of the 
master topography [1].  
© 2016 The Authors. Published by Elsevier B.V This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the International Scientifi c Committee of 7th HPC 2016 in the person of the Conference Chair 
Prof. Matthias Putz
560   S. Gross et al. /  Procedia CIRP  46 ( 2016 )  559 – 562 
In manufacturing the micro-structured hot embossing dies, 
conventional manufacturing processes reach their limits. They 
cannot be used to realize the demands regarding accuracy, 
surface quality, basic material and manufacturing of structural 
dimensions < 100 μm (Table 1).  
table 1. Structural sizes by the manufacturing of micro fluidic systems. 
 Sensor 
dimensions 
Micro fluidic 
structure 
Functional 
structure 
maximal lateral dimensions 50 mm 750 μm < 10 μm 
minimal lateral dimensions 25 μm 5 μm << 1 μm 
maximal structure depth 500 μm 20 μm < 5 μm 
maximal aspect ratio 5 15 2 
dimensional accuracy of 
components 
± 1 μm ± 1 μm --------- 
position accuracy ± 5 μm ± 5 μm ± 5 μm 
surface quality Rz < 500 nm Rz < 500 nm --------- 
 
To overcome these limits new manufacturing technologies 
can be used such as laser structuring or electro-chemical 
manufacturing. Additionally, it is also possible to combine 
existing processes in order to overcome the technological 
limits. One such approach consists of a sequential 
combination of laser micro structuring and micro  milling.  
The Department of Functional Surfaces and Microsystems 
Manufacturing of the Fraunhofer Institute for Machine Tools 
and Forming Technology IWU in Chemnitz conducts research 
on the replication of precise micro structures using hot 
embossing and also investigates the adaptation and 
optimization of various cutting and removal processes of 
micro manufacturing for producing microsystems and micro 
components. One focus lies on micro milling and laser 
machining of embossing tools for hot embossing of micro 
fluidic systems. For this purpose different systems are 
available at Fraunhofer IWU for precision machining using 
cutting and removal technologies (Fig. 1.). 
 
a   b  
Fig. 1. (a) Laser system ORCAμ with ultra-short pulse laser, (b) 5-axis micro 
milling machine KUGLER MICROMASTER MM3.  
2.1. Process of die manufacturing 
2.2. Machining by micro milling 
Milling is primarily used in order to machine metallic 
materials in the fields of prototype construction and die and 
mold making (Fig. 2, left-hand side). Due to its high 
flexibility micro milling is a fast and highly precise process 
for generating microfluidic embossing dies. However, it limits 
machinability of specific micro-structural elements due to the 
minimal milling diameter. In micro manufacturing minimal 
milling diameters lie in the range of  100 μm. Thus this fact 
strongly limits the miniaturization of micro-structural 
elements, possible aspect ratios and the sharp edges of inner 
contours. In contrast, micro milling is also characterized by 
high stock removal rates when using larger tool diameters, 
high feasible shape variety and high achievable surface 
qualities achievable (Rz 0.5 μm). 
2.3. Laser structuring 
Laser structuring can be used to machine metallic materials 
as well as difficult-to-machine materials such as ceramics 
(Fig. 2, right-hand side) and glass. As the laser beam can be 
focused very well to a diameter of a few micrometers, even 
very small structural details can be machined as well as a very 
wide geometrical spectrum. Using ultra-short pulse lasers and 
procedures for 3D laser structuring allows machining of 
highly complex surface geometries and functionalization of 
the surfaces without any major impact on the basic material. 
Thus it is possible to generate areas with varying surface 
properties by using the manufacturing process. This method 
enables selective functionalization of the surface for 
influencing the optical properties, the wettability or the flow 
rate in fluidical systems, among other things. However, laser 
structuring has the disadvantage of low removal rates, which 
plays a role especially in large, non-structured areas within 
the tool surface. This may lead to very long manufacturing 
times in machining by laser only. 
 
a  b  
Fig. 2 (a) 3D embossing die for microfluidics measuring cell, manufactured 
by cutting, (b) laser-structured demonstration die “microfluidics” made of 
silicon carbide. 
2.4. Sequential combination of laser structuring and 
micromachining  
The sequential combination of micro milling and laser 
structuring uses the advantages of both processes and allows 
structuring of very accurate geometrical details with 
dimensions of < 10 μm as well as for machining of larger 
extensive areas, which in turn enables more efficient and 
faster machining of the complete component. The prerequisite 
for this combined machining is a material that can be used in 
both processes.  
The combined machining can be carried out in various 
process stages. In this context it is decisive for the quality of 
the end result to allocate the areas that are to be structured 
with the respective process and to consider the order of the 
machining processes. Depending on the design of the die and 
the arrangement and allocation of the micro structures, areas 
and process sequences have to be specifically defined (Fig. 3). 
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Fig. 3. Schematic diagram for process sequence with sequential process of 
laser machining – milling with subsequent surface functionalization  
Extensive areas can be defined, differentiating the actual 
micro structures from the remaining die surface. These areas 
are structured by laser and subsequently the extensive areas 
are processed by micro machining. Another possibility is to 
allocate the structural areas according to their ability to be 
structured. In a first process stage laser structuring is applied 
for accurate structural details as well as for the areas that can 
no longer be processed by cutting using defined diameters of 
the milling cutter. Then the remaining areas are processed by 
micro machining. A third variant of structuring consists of 
subsequently introducing differentiated micro structures into 
the structural areas preprocessed by cutting. In all three 
process variants it is essential to guarantee the exact 
positioning of the individual laser areas and milling areas to 
one another. In structural dimensions of  < 20 μm, accuracy 
requirements of below 1 μm are common regarding 
positioning of the areas to one another. 
2.5. Surface functionalization 
Structuring processes of laser ablation and micro milling, 
achieve various surface properties, depending on the process 
and process parameters (Fig. 4). On the one hand this can be 
used to attain defined surface properties. On the other hand 
specific reworking of the surfaces by laser is possible in order 
to achieve defined roughness profiles, for example by specific 
laser polishing 
. 
 
Fig. 4. Surface structure depending on manufacturing process. 
In order to finalize the die, selective surface areas can be 
functionalized by laser. In this context defined surface 
structures are introduced in order to achieve, for example, 
optical, biological or physical properties. This method can be 
used, for example, for antibacterial surfaces, for influencing 
the flow characteristics or for generating effects of dullness or 
gloss. 
3. Results  
The process combination of precision milling and laser 
micro structuring was implemented, among others, in the 
manufacturing of embossing dies for hot embossing of 
microfluidic systems. The material used was hot-work steel 
(1.2343), which is common in tool and die making. According 
to the geometrical specifications, the corresponding fluid 
geometries were introduced into the die by applying micro 
milling. In this context all structures were machined that were 
possible to be machined using die diameters of > 300 μm. All 
other structures, such as micro channels with defined profile 
cross-sections as well as 90 degree transitions at channel 
structures were subsequently machined by laser ablation. Here 
it was essential to respect the exact positioning of the 
individual machining stages to one another.  
 
 
Fig. 5. Transition area of milled and laser-structured surface [2]. 
Fig. 5 and 6 show sections of the manufactured fluidics die 
with the respective transition zones from milled to laser-
structured surfaces. The different characteristics of surface 
roughnesses and roughness profiles are apparent. 
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Fig.6. Examples for processing a sharp edge, generated by laser machining 
and milling [2]. 
The resulting surface roughness after laser structuring 
amounted to Rz = 5 μm (Fig. 7 and 8). Especially in the area 
of the microfluidic channels, this surface roughness causes an 
obstruction of the capillary filling of the system in the 
embossed part. Thus it is mandatory to rework the active 
fluidic areas selectively in order to realize better filling.  
 
 
Fig.7. Structure of the die surface after laser machining. 
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Fig.8. Surface roughness of the laser-structured areas. 
The reduction of the roughness values, i.e. the adjustment 
of the surface profile was realized by selective laser polishing 
of major functional areas. The respective surfaces were 
reworked with the lower power density of the laser beam in 
order to reduce roughness peaks and to generate a better 
(smoother) surface profile (Rz = 2μm), see Fig. 9 and 10. 
Thus it is also possible to specifically influence and control 
the fluidic flow within the microfluidic system. By 
specifically adjusting roughness’s and surface profiles, areas 
can be generated within the microfluidic system to promote or 
inhibit filling. 
 
 
Fig.9. Structure of the die surface after laser machining (Fig. 7) and  
 laser polishing. 
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Fig.10. Surface roughness of the areas polished by laser. 
4. Summary 
Processes of cutting and removal enable structuring of hot 
embossing dies and the manufacturing of structural 
dimensions as used in the field of microfluidics. The 
advantages of the individual processes can be used by 
combining them in order to produce near-net-shape 
geometries efficiently. The prerequisite is that the basic 
material can be machined by the processes applied. By 
specifically influencing the process parameters in laser 
structuring, selective areas can be reworked in order to adjust 
surface structures to one another or to produce specific 
surface properties. This can be applied to realize a specific 
functionalization of the component surface, which in turn can 
influence the flow characteristics within a microfluidic 
system.  
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